Cyanobacteria are ubiquitous photoautotrophs that assimilate atmospheric CO 2 as their main source of carbon. Several cyanobacteria are known to be facultative heterotrophs that are able to grow on diverse carbon sources. For selected strains, assimilation of organic acids and mixotrophic growth on acetate has been reported for decades. However, evidence for the existence of a functional glyoxylate shunt in cyanobacteria has long been contradictory and unclear. Genes coding for isocitrate lyase (ICL) and malate synthase were recently identified in two strains of the genus Cyanothece, and the existence of the complete glyoxylate shunt was verified in a strain of Chlorogloeopsis fritschii. Here, we report that the gene PCC7424_4054 of the strain Cyanothece sp. PCC 7424 encodes an enzymatically active protein that catalyses the reaction of ICL, an enzyme that is specific for the glyoxylate shunt. We demonstrate that ICL activity is induced under alternating day/ night cycles and acetate-supplemented cultures exhibit enhanced growth. In contrast, growth under constant light did not result in any detectable ICL activity or enhanced growth of acetate-supplemented cultures. Furthermore, our results indicate that, despite the presence of a glyoxylate shunt, acetate does not support continued heterotrophic growth and cell proliferation. The functional validation of the ICL is supplemented with a bioinformatics analysis of enzymes that co-occur with the glyoxylate shunt. We hypothesize that the glyoxylate shunt in Cyanothece sp. PCC 7424, and possibly other nitrogenfixing cyanobacteria, is an adaptation to a specific ecological niche and supports assimilation of nitrogen or organic compounds during the night phase.
INTRODUCTION
The glyoxylate cycle is an anaplerotic bypass of the tricarboxylic acid (TCA) cycle that circumvents the two CO 2 -releasing decarboxylation steps of the TCA cycle and therefore allows for the net incorporation of simple two-carbon compounds for cellular growth. The glyoxylate cycle is widespread and well documented in many micro-organisms, in fungi, in the green alga Chlamydomonas reinhardtii, in plants and in nematodes, but appears to be absent in higher animals [1] [2] [3] [4] .
In cyanobacteria, the existence of a functional glyoxylate cycle was unclear for a long time and experimental reports were contradictory. In particular, early experimental data suggested the presence of enzymatic activity of isocitrate lyase (ICL) and malate synthase (MS) in cellular extracts of some cyanobacteria [5] [6] [7] [8] . Both enzymes are specific for the glyoxylate cycle pathway. The respective genomes, however, either were not yet sequenced or did not exhibit any coding genes for the respective enzymes.
The discovery of a two-gene operon that encodes the putative enzymes ICL and MS in two strains of the genus Cyanothece (PCC sp. 7424 and sp. 7822) was the first documented sequence-based evidence for a cyanobacterial glyoxylate shunt [9] . Putative proteins for ICL and MS are annotated only in very few other cyanobacteria listed in molecular biological databases [10, 11] . Recently, results were presented that verify the correct annotation of two ORFs of the strain Chlorogloeopsis fritschii PCC 9212 [12] . Heterologous gene expression provided first experimental evidence that the respective gene products indeed encode functional enzymes for the ICL and MS reactions.
Despite these recent findings, however, the functional implications of a glyoxylate shunt for cyanobacteria remain unclear. ICL, the first enzyme of the shunt, cleaves isocitrate into the TCA-intermediate succinate and the bypass product glyoxylate. The latter is condensed in a second step with a further acetyl-CoA by the enzyme MS to produce and replenish the TCA-intermediate malate, which in turn can be oxidized to oxaloacetate and converted into phosphoenolpyruvate (PEP) via gluconeogenesis. In this way, the glyoxylate cycle allows bacteria or fungi to survive on acetate, ethanol or fatty acids as the sole carbon source [13] and it is known to affect the virulence of some pathogens [2] and the germination of oil seeds [3] . Activity of the shunt was also reported during senescence of cotyledons [14] and leaf tissues [15, 16] .
Cyanobacteria, however, are generally considered to be photoautotrophs and assimilate atmospheric CO 2 as their main carbon source. Only a few cyanobacteria are facultative heterotrophs and able to grow on glucose, fructose, sucrose or glycerol in the dark [17] [18] [19] [20] [21] [22] [23] . For cyanobacteria, the assimilation of organic acids such as acetate has been investigated in detail and reported for decades [22, 24, 25] . Some strains are able to utilize acetate mixotrophically in addition to CO 2 and light [6, 26, 27] . However, in these cases, acetate did not promote cyanobacterial growth in the absence of CO 2 or in the dark [6, 25, 28] . The only exception was the species Chlorogloeopsis fritschii, which assimilated acetate independently of the presence of light and the incorporation of radioactive-labelled acetate was detectable in all amino acids [26] . For several other cyanobacterial strains, the incorporation of radioactive-labelled acetate could only be detected in the lipid fraction and in the amino acids glutamate, arginine, proline and leucine [25] , and rarely in amino acids of the aspartate family derived from oxaloacetate. These findings speak against the presence of a functional glyoxylate cycle to sustain heterotrophic growth on acetate in these cyanobacteria.
The presence and functional implication of the cyanobacterial glyoxylate shunt must also be considered in the context of the cyanobacterial TCA cycle. Until the recent identification of the bypass route via succinic semialdehyde [29] , it was widely believed that cyanobacteria have an incomplete TCA cycle, lacking the 2-oxoglutarate dehydrogenase. The newly identified bypass, together with the g-aminobutyric acid (GABA) shunt [30] and a putative glyoxylate shunt, all serve as possible bypass reactions that close the TCA cycle [31, 32] . The cyanobacterial TCA cycle and its bypass reactions are also of biotechnological interest, in particular with respect to metabolic re-organization upon expression of heterologous pathways that withdraw carbon from the cycle [33, 34] . Its biotechnological relevance, the recent biochemical validation of the glyoxylate shunt in the cyanobacterium Chlorogloeopsis fritschii PCC 9212 [12] , as well as the fact that genes for the shunt are annotated in a minority of cyanobacteria, raise a number of timely questions with respect to the functional implications of the glyoxylate shunt in photoautotrophic cyanobacteria.
In this report, we demonstrate by heterologous protein expression that the annotated icl gene PCC7424_4054 of the strain Cyanothece sp. PCC 7424 [9] , hereafter denoted Cyanothece 7424, codes for an enzymatically active protein that catalyses the ICL reaction. ICL activity was not detectable under photoautotrophic conditions but was inducible by acetate under diurnal day/night conditions. Under these conditions, increased growth in the presence of acetate was observed. Our growth experiments and in vivo enzyme analyses are put into the context of recent computational models to elucidate the possible functional role of the glyoxylate shunt. We discuss the physiological function of the glyoxylate cycle with respect to the metabolic context of cyanobacteria as well as with respect to possible metabolic strategies within ecological niches and habitats.
METHODS

Bacterial strains
The cyanobacterial strain Cyanothece sp. strain PCC 7424 was obtained from the Pasteur Culture Collection (PCC) and was routinely grown as recommended in BG11 medium [35] . Cloning and expression steps were performed in Escherichia coli strains DH5-alpha (BioLabs) and BL21 (DE3) (Novagen, Merck Chemicals) grown at 37 C in LB medium [36] supplemented with 100 µg ampicillin ml
À1
.
Cloning and expression of ICL
The putative icl gene (PCC 7424_4054) was amplified with Phusion DNA-Polymerase (Thermo Scientific) by PCR using genomic DNA of Cyanothece 7424 as template. The two primers (F) 5¢-CCGGATCCATGACCCCATTCACC TTTGAA-3¢ and (R) 5¢-GCGGCCGCTTAGTCATCGAGG TGAGCAATTTC-3¢ introduced BamHI or NotI restriction sites (underlined). The 1.5 kb PCR product was ligated into the cloning vector pJET1.2 (Thermo Scientific) and used to transform E. coli DH5-alpha. Insert containing plasmids were selected and analysed by sequencing using the pJET1.2 forward and reverse primers (Thermo Scientific). Plasmids with the correct DNA insert were digested with BamHI and NotI and the resulting DNA fragment inserted into the respective restriction sites of the vector pGEX-6P-1 (GE Healthcare) for expression with a N-terminal glutathione Stransferase (GST)-tag. Cells of E. coli BL21(DE3) were transformed with the resulting pGEX-icl plasmid. Selected transformants expressing the GST-tagged ICL protein were grown in 800 ml LB medium containing 100 µg ml À1 ampicillin and overexpression induced with 1 mM IPTG overnight at 18 C.
Purification of the GST-tagged ICL protein Bacterial cells were harvested by centrifugation at 4 C at 3800 g and washed once with 25 mM Tris/HCl buffer pH 7.5, 5 mM MgCl 2 , 0.1 mM EDTA. Cell pellets were resuspended in cold binding buffer (50 mM Tris/HCl pH 7.2, 2.7 mM KCl, 100 mM NaCl, 5 mM MgCl 2 , 1 mM EDTA) that was supplemented for lysis with 5 mM ATP, 2 mM DTT and 1 mM PMSF. Cells were broken by sonication on ice and cell debris removed by centrifugation at 10 000 g at 4 C for 30 min. The cellular extract was incubated for batch purification of soluble GST-tagged ICL with Protino Glutathione Agarose (Macherey-Nagel) for 1 h at ambient temperature with gentle agitation. Resins were washed thoroughly with binding buffer and recombinant protein was cleaved off by incubation with PreScission protease (GE Healthcare) in cleavage buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT) at 4 C overnight. To verify the cleavage, an aliquot of the reaction mixture was heated with SDS-sampling buffer at 95 C for 5 min and soluble proteins checked on SDS-polyacrylamide gels. If the recombinant proteins were monitored, resins were centrifuged and the eluate carefully removed and checked for ICL activity.
Size-exclusion chromatography
The molecular mass of the native enzymes was validated by size-exclusion chromatography on a calibrated column (TricornSuperdex 200 10/300 GL; GE Healthcare) using 50 mM Tris/HCl pH 7.5, containing 150 mM NaCl, 2 mM DTT, 5 mM MgCl 2 , as running buffer. The flow rate was 0.5 ml min
À1
. Elution of the proteins was monitored by continuous absorption measurement (A 280 ). Standard protein marker (Gel Filtration Standard; Bio-Rad) was used for column calibration. 
Growth conditions of
Growth experiments
For growth experiments, stock cultures were grown to midexponential phase and for further cultivation diluted and subcultured into media with and without acetate to support photoautotrophic, mixotrophic or heterotrophic growth, respectively. Cells grown under continuous light were adapted to day/night cycling for 1 week before starting growth experiments. During the experimental period, the cultures were regularly diluted to half OD (OD 750 nm) with the corresponding media to ensure exponential growth and to prevent self-shading by higher cell density as well as depletion of acetate. Cell growth was measured at 750 nm by using a UV-Vis spectrophotometer Specord 200 plus (Analytic Jena) or counting cell density [cell number (cells ml ) were displayed on a logarithmic yaxis and plotted against time (log-linear plot). Lines between OD measurements serve as a visual guide and do not represent continuous measurements. For photometric measurements of whole cell spectra (wavelength range from 400 to 750 nm), cuvettes were arranged in front of the photodiode detectors to reduce scattering effects by cells within the sample. Spectra were corrected for residual scattering at 750 nm and normalized to the chlorophyll a peak.
Analytical methods
Recombinant ICL Activity of recombinant ICL was assayed by using the method of Dixon and Kornberg [37] with a modified protocol as described before [31] . Briefly, measurements of the enzyme activity were carried out, unless otherwise stated, in 50 mM MOPS buffer pH 7; 5 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT, 2 mM phenylhydrazine and an appropriate amount of the recombined protein (20-50 µl eluate corresponding to 10 µg protein in a final reaction volume of 1 ml). The reaction was started by addition of DL-isocitrate (1 mM) and changes in absorption at 324 nm were measured over 20 min with a Specord 200 Plus spectrophotometer (Analytic Jena). Formation of the glyoxylic acid phenylhydrazone was calculated using a molar extinction coefficient at 324 nm of 1.7Â10 4 In vivo ICL activity assay Preparation of cell-free extracts of Cyanothece 7424 followed the protocol described before [31] , with 50 mM MOPS buffer pH 7.4 containing 5 mM MgCl 2 , 0.1 mM EDTA, 5 mM DTT for cell disruption, gel filtration and enzyme assay. To investigate ICL activity, cell-free extracts were filtered through a PD-10 gel filtration column (GE Healthcare) to remove cellular metabolites. For an assay, 50 µl of the filtrate (corresponding to 50-150 µg protein) was incubated with 2 mM phenylhydrazine and reaction started by addition of 2 mM DL-isocitrate.
Other methods
Protein was determined by Coomassie blue binding assay [38] with Carl Roth reagent. The content of chlorophyll a was determined in methanolic extracts of cells by using the method of Tandeau de Marsac and Houmard [39] . SDS-PAGE was carried out on 10 % polyacrylamide gels [40] .
Metabolic model and analysis of flux modes A genome-scale reconstruction of the metabolism of Cyanothece sp. strain PCC 7424 is not yet available. We therefore assembled a focused stoichiometric model of the TCA cycle and its adjacent reactions, including synthesis reactions for glutamate, glutamine, proline, arginine, aspartate, acetate, PHB (polyhydroxybutyrate) and cyanophycin. The reconstruction was performed as described previously [31, 41] and based on available genome sequences and appropriate databases, such as KEGG, MetaCyc, GenBank and cyanobase [10, [42] [43] [44] . The partial reconstruction encompasses 62 reactions, 49 internal metabolites, as well as nine external metabolites, and serves to analyse the metabolic context of the glyoxylate shunt in Cyanothece 7424 in comparison to other strains. The resulting stoichiometric model is provided as Fig. S2 (available in the online Supplementary Material) using Systems Biology Markup Language [45] . Core reactions adjacent to the glyoxylate shunt are visualized in Fig. 1 .
Within the model, external or assimilated carbon is supplied using artificial influx reactions for phosphoenolpyruvate (PEP), acetate and PHB. Exchange reactions were introduced for all non-carbon species (in particular protons, water, molecular oxygen, nitrate, ammonia and phosphate). Since photosynthesis and the electron transport chain are not explicitly included in the model, lumped conversion reactions from ADP to ATP and NADPH to NADP and NADH to NADPH (and vice versa) were added to the model. Regeneration of ATP by the conversion of NADPH to NADP, representing the electron transport chain, was integrated. For representation of cell growth in general, essential biomass components, such as pyruvate, several amino acids (aspartate, arginine, glutamate, glutamine, proline), as well as the storage compounds PHB and cyanophycin, were included within the model.
Knowledge of the mobilization process of PHB in cyanobacteria is still incomplete and a detailed description of the degradation pathway is not yet available. For network reconstruction and modelling, it is assumed that mobilization makes use of the same reactions as synthesis. To ensure proper stoichiometric conversion and mass conservation, calculations are made per monomer of PHB using the molecular formula C 4 H 6 O 2 . Likewise, calculations are made per monomer of cyanophycin using the molecular formula C 10 H 17 N 5 O 4 .
The reconstruction was used to calculate all possible pathways (flux modes) from three possible carbon sources (PHB, PEP, acetate) to eight possible carbon sinks (pyruvate, PHB, glutamate, glutamine, proline, arginine, cyanophycin, aspartate). Calculations were done using the MATLAB environment MATLAB R2014a using the toolbox CellNetAnalyzer version 5.1. [46] and the Metatool algorithm.
Occurrence of genes and BLAST search
To analyse the distribution of the two genes of the glyoxylate shunt across the phylum Cyanobacteria, a BLASTP search [47] was performed via the NCBI website (November 2016). We were primarily interested in co-occurring metabolic genes. The strains carrying the two genes for the glyoxylate shunt and 74 additional cyanobacterial strains were scanned for the presence of genes coding for a PEP carboxykinase (PEPCK), PHB-synthesis enzymes (PHBS) and nitrogenase (Nif) and genes for cyanophycin synthesis (CS). Only the key enzymes of the respective pathways, mostly catalysing the final step, were taken into account. In particular, we scanned for genes that allow the synthesis of PHB (PhaC and PhaE), for the nitrogenase (NifD, NifH, NifK) and for the cyanophycin synthetase and cyanophycinase (CphA and CphB). Concerning the fact that cyanobacteria are very closely related species and also to avoid false positive hits from the BLAST search, we chose very strict parameters for the similarity of two sequences resulting in a threshold of at most e À50 for the e-value and at least 60 % sequence similarity. Within this analysis, only cyanobacterial strains for which complete genome sequences are available in the GenBank database [43] were taken into consideration.
Phylogenetic tree analysis
To construct the phylogenetic tree, we gathered the amino acid sequence of the ICLs from 64 bacteria (mostly nitrogen-fixing and nitrate-reducing). Distances were computed using the seqpdist method (MATLAB) using the Jukes and Cantor maximum-likelihood (ML) estimate of the number of substitutions. The scoring matrix was BLOSUM50 and gap penalty was eight. The tree was calculated using the neighbour-joining algorithm provided by MATLAB (seqneighjoin) with standard parameters. The validity of the tree was verified by constructing 1000 trees using the same methods and parameters, but randomly resampled sequences. Subtrees with a bootstrap support of 80 % or more than 90 % were labelled with * and **, respectively.
RESULTS
Gene PCC7424_4054 of the strain Cyanothece 7424 codes for a functional ICL We expressed the icl gene PCC 7424_4054 of the respective Cyanothece strain in E. coli by using a gst-based vector to confirm the hypothesis that this gene codes for an enzyme with ICL activity. The formed fusion protein (GST-ICL) with the recombined target protein was cleaved on glutathione affinity matrix with PreScission protease. High specific activity for ICL was demonstrated within the released fraction (Table 1) . Unspecific isolation of the corresponding ICL of E. coli host cells was excluded by a control experiment. Transformed E. coli cells were cultivated in the presence of IPTG for target protein expression or in the absence of IPTG as negative control. Induced cells did not grow well and high amounts of inclusion bodies were formed. This could have caused smaller total ICL activity in these cells recognizable by smaller values of the crude cell extract. In the eluate of the last purification step, ICL activity was only detectable if the affinity matrix was loaded with cell extracts of IPTG-induced E. coli cells. In the control approach, ICL activity could not be detected. This clearly shows that the E. coli ICL was not bound to the matrix and unspecific isolation of the host cell enzyme could be ruled out. However, ICL purification could not be achieved to homogeneity. By SDS-PAGE, two protein bands of 68 and 54 kDa were detectable, the latter consistent with the calculated molecular mass of 54.5 kDa for the Cyanothece ICL protein (Fig. S1) . In E. coli and other bacteria, the native ICL molecule is a tetramer of identical subunits. To verify this assumption for our protein, a preparation produced in the described manner was applied to a size exclusion chromatography column to characterize the native structure of the expressed ICL protein and additionally to purify our target preparation. The main protein peak of the HPLC profile correlated with ICL activity and corresponded to a calculated molecular mass of about 280 kDa (Fig. S2 ). This finding implies that the native ICL enzyme formed a tetramer whereby the calculated molecular mass for the HPLC peak was higher than the expected molecular mass. Because SDS-PAGE of peak fractions revealed the same two protein bands as found in the original sample, we assume that the higher molecular mass of the HPLC peak results from a strong interaction with one of the E. coli proteins that was co-purified. Approaches to preventing the co-purification of E. coli chaperones, as described by other authors [48, 49] , did not result in an improvement of homogeneity in further preparations. However, the sequenced expression construct was correct and the produced preparations contained the native ICL protein with high enzymatic activity. Therefore, we decided that it is reasonable to use the inhomogeneous preparation for initial analysis.
Characteristics of the recombinant ICL
The recombinant form of the Cyanothece ICL exhibited similar traits to well-studied bacterial enzymes [50, 51] . The optimum pH was determined to be 7.4. Kinetic analysis showed that the enzyme followed Michaelis-Menten kinetics with a K m value for DL-isocitrate of 0.06 mM at pH 7.4 and 25 C. A reducing agent was necessary for maintenance of enzyme activity. In the absence of Mg 2+ , no enzymatic activity was measured. The use of 5 mM Mn 2+ instead of Mg 2+ ions resulted in only about 10 % of the enzyme activity. The recombinant enzyme was significantly inhibited by PEP and the end product succinate. The enzyme activity was reduced approximately to 10 % of the initial value by 2 mM PEP and by 5 mM succinate, while malate had no inhibitory effect. The enzyme activity of a preparation was stable for a few days at 4 C but freezing and thawing reduced activity significantly.
Test of cellular extracts of Cyanothece 7424 for ICL activity To investigate ICL activity as part of the glyoxylate cycle in their natural context, cells of Cyanothece 7424 were cultivated under different illumination regimes in the presence and absence of acetate and analysed for corresponding ICL activity. Experimental results for the determination of ICL activity in cellular extracts are summarized in the following and shown in Table 2 .
No cellular ICL activity in Cyanothece 7424 if cells are grown under continuous light When cell cultures were exposed to continuous illumination, growth curves were similar, irrespective of whether they grew without (autotrophic growth) or with supplied acetate (mixotrophic growth) (Fig. 2) . The mean increase of the OD at 750 nm as well as the increase in the cell numbers were identical for both growth conditions, indicating that acetate does not enhance growth in continuous light. Furthermore, enzymatic tests showed that no ICL activity could be detected in cell extracts (Table 2 ). This suggests that under continuous light, enzymes of the glyoxylate cycle do not exhibit activity.
Under day/night cycles acetate promotes growth of Cyanothece 7424 and induces ICL activity As a second growth scenario, we modified the light regime and tested the effect of alternating light/dark phases of 12 h each. In contrast to the case of continuous light, we found that acetate improved growth (Fig. 3) , as apparent from higher values for the cell number and higher OD values at 750 nm. Whole cell spectra illustrated that pigment peaks of chlorophyll (678 nm), phycocyanin (628 nm) and phycoerythrin (558 nm) increased in proportion to the cell density without any alteration of the peak ratios (Fig. S3) . These findings indicate an obvious difference in the biomass accumulation between control and acetate-supplemented cell cultures. Importantly, the increase of growth in the acetate-supplemented culture correlated with the verification of ICL activity. ICL activity was evident in the enzymatic assay by a steep absorption increase at 324 nm (Fig. 4) , while in the control grown without acetate, no absorption increase and thus no ICL activity could be detected. Differences with respect to acetate utilization were also detectable when light conditions were changed from continuous illumination to alternating light/dark phases during the experiment. Cultures grown with acetate exhibited higher growth rates after changing the light regime from continuous light to alternating day/night cycles ( Fig. 5 ) and the corresponding cell extracts featured ICL activity. This finding shows that acetate-induced increase of growth of Cyanothece 7424 is associated with the induction of ICL activity as a result of day/night cycles (see also Table 2 ).
Glyoxylate cycle does not support sustained heterotrophic cell proliferation For many micro-organisms, the glyoxylate cycle operates as an anaplerotic pathway that enables cell growth with acetate as only carbon source. To test this hypothesis for Cyanothece 7424, we performed growth analysis in the presence of acetate in complete darkness (chemoheterotrophic growth) as well as with DCMU as an inhibitor of photosystem II (photoheterotrophic growth). Photoheterotrophic cultivation under continuous illumination resulted in bleaching of both the control and the acetate-supplemented cultures, and eventually to cell death, probably due to sustained photooxidative stress by DCMU [52] . Under day/night cycles, we observed similar changes in the light microscopic appearance of control and acetate-supplied cells, such as changes in size, shape and the occurrence of granule-like structures. These changes were observed neither in dark-grown cells nor in photoautotrophically and mixotrophically grown cells. Therefore we assume that they were induced due to the treatment with DCMU caused by photo-oxidative stress during the 12 h light phase. Nevertheless, the OD of acetatesupplemented cultures rose at a slow pace by only 0.1 during the examined period and was comparable with heterotrophic growth in darkness (Fig. 6) . However, in both experimental approaches we observed that cell proliferation stopped. Lack of cell proliferation results in a completion of cell division and disappearance of pre-divisional cells, similar to the cellular response described previously for unicellular cyanobacteria under macronutrient deficiency [53] . The completion of cell division of pre-divisional cells led to a slight increase of the cell concentration in the control as well as the acetate-supplied cultures (Table 3) , albeit with no major differences between the cultures. This is evidenced by almost identical cell numbers between control and acetate-supplied cultures during the experimental period (Table 3 ). This finding suggests that acetate as a sole carbon source does not support continued heterotrophic growth and cell proliferation. Nevertheless, heterotrophic growth in the presence of acetate was accompanied by the induction of ICL activity. A specific activity of 10.03 nmol min À1 mg À1 protein was calculated for the cell extract (data for photoheterotrophic growth). The activity was in the same range to a photomixotrophic (acetate-supplied) culture, which was grown in parallel under the same light regime but without DCMU treatment (specific activity 9.4 nmol min À1 mg À1 protein). A comparison of the chlorophyll a concentration of the corresponding cell cultures at the end of the experiment showed slightly higher values for cultures that were fed with acetate, suggesting higher chlorophyll a content per cell for the acetate-supplemented cultures in comparison to the corresponding control cell suspension (Table 3) . By contrast, the analysis of the chlorophyll content for phototrophically grown cultures showed generally higher values (Table 3) . The difference in the phototrophically grown cells may reflect a reduction of chlorophyll a under heterotrophic growth conditions as also described for other cyanobacteria [54, 55] . However, we assume that cells of acetate-supplied cultures are able to replenish cellular compounds to some degree and thus also chlorophyll after the last cell division by using precursors provided by acetate. But this may not be enough to enable continued growth under heterotrophic growth conditions. share more than 90 % identity, followed by Pleurocapsa (80.8 %), Chlorogloeopsis (80.8 %) and the cyanobacterium PCC 7702 (75.9 %). Compared to other bacterial ICLs, we found high similarity to alpha proteobacteria and Chloroflexus strains but lower similarity to other well-known bacteria like E. coli (64.4 %). We note that all these cyanobacterial strains have nitrogen-fixing capabilities (see below), but are organized in diverse morphological subsections [56] . Phylogenetic analysis revealed that they branch into a single clade beyond the proteobacterial cluster with the same organization, as demonstrated by taxonomic studies or diversity-driven genome sequencing [57] . A reduced phylogenetic tree is provided as Fig. S4 . The alignments are provided as Fig. S5 . We therefore assume that the cyanobacterial ICLs (except for Leptolyngbya valderiana) have evolved from a common ancestor.
Co-occurrence analysis of genes related to the glyoxylate shunt To further investigate the functional implications of the existing glyoxylate shunt (ICL and MS) in cyanobacteria, we asked what other genes co-occur with genes that code for the ICL in sequenced cyanobacterial genomes. To this end, we performed several BLASTP searches to identify genes that encode reactions that co-occur with the glyoxylate shunt. In particular, we investigated the genome sequence of the seven cyanobacterial strains with an annotated ICL and an additional 74 further strains with complete genome sequences listed in the GenBank database [42] .
The results are summarized in Fig. 7 . Firstly, none of the sequenced cyanobacteria genomes encodes only an ICL or MS. The strict co-occurrence of both enzymes indicates they indeed encode a functional glyoxylate shunt and do not operate in isolation; for example, the MS using glyoxylate as a substrate from photorespiration without requiring a functional ICL [31] . No other annotated genes strictly cooccur with the ICL and MS. However, all strains encoding the MS and ICL also encode Nif. Likewise, the presence of the glyoxylate shunt is often associated with the presence of genes encoding enzymes that allow the synthesis of the storage compounds PHB (PHBS) and cyanophycin (cyanophycin synthetase and cyanophycinase, CS). Almost all of the strains encoding the glyoxylate shunt also encode PEPCK, providing the metabolic functionality to channel intermediates of the TCA cycle via oxaloacetate to pyruvate.
Metabolic flux modes of the glyoxylate shunt
To better understand the metabolic context of the glyoxylate shunt in Cyanothece PCC sp. 7424 and sp. 7822, as well as other cyanobacteria, we evaluated the possible functional metabolic flux patterns that make use of the glyoxylate shunt. Based on the available stoichiometric reconstruction of Synechocystis sp. PCC 6803 [31] , we assembled a partial metabolic reconstruction of the metabolic network of Cyanothece PCC sp. 7424 with a focus on the TCA cycle and adjacent reactions. The partial reconstruction encompasses 62 metabolic reactions and 49 internal metabolites. Fig. 1 provides an overview of core reactions in comparison with the metabolic network of Synechocystis sp. PCC 6803.
A stoichiometric reconstruction allows enumeration of all possible pathways, denoted elementary flux modes (EFMs), from substrates to products within the network. An EFM is defined as a set of reactions that converts a set of substrate metabolites into a set of product metabolites, in such a way that all flux-carrying reactions are balanced and operate at a steady state so that no internal metabolites accumulate [58] . The set of EFMs is unique for a given stoichiometric network and allows for unbiased analysis of its metabolic capabilities.
For the partial reconstruction, we obtain 20 654 possible EFMs. Of particular interest for our analysis are the (stoichiometric) yields of products, given specific precursor metabolites, and whether or not the corresponding EFMs make use of the glyoxylate shunt. As substrates, we consider PEP, originating from either carbon fixation or mobilization of glycogen, extracellular acetate and the storage compound PHB. As products we consider important precursor compounds of biomass (pyruvate, arginine, aspartate, glutamate, glutamine and proline), as well as the storage products PHB and cyanophycin. The results are summarized in Table S1 .
As expected, the supply of PEP allows the cell to synthesize all specified products irrespective of whether the glyoxylate shunt is present or not. The presence of the glyoxylate shunt also does not alter the maximal stoichiometric yields of products synthesized from PEP. In the case of acetate as the sole carbon source, only PHB can be synthesized in the absence of the glyoxylate shunt; no EFMs exist for the remaining products. Likewise, with PHB as the sole carbon source, a functional glyoxylate shunt is necessary to synthesize any of the considered products and no EFM exists that allows for the synthesis of any of the considered products in the absence of the glyoxylate shunt.
For acetate and PHB as sole carbon sources, acetyl-CoA is an intermediate in all EFMs; the ATP and NADPH requirements for the EFMs with highest yield are provided in Table S1 . Using acetate as a substrate to synthesize PHB requires NADPH and ATP (specifically, two acetate, one NADPH, two ATP per unit PHB synthesized), whereas the net stoichiometry of cyanophycin synthesis depends on the nitrogen source five acetate and 12 ATP result in one monomer cyanophycin and three surplus NADPH when ammonium is available. In the case where nitrate is used as a source of nitrogen, the synthesis of one monomer of cyanophycin requires five acetate, 17 NADPH and 17 ATP.
We further investigated the influence of the glyoxylate shunt for net energy generation in the absence of light. Specifically, we considered acetate as the sole carbon source and nitrogen fixation as the objective function. In this scenario, ATP and NADPH for the nitrogenase have to be derived from acetate. The nitrogenase is characterized by a high demand in terms of ATP and reduced ferredoxin (16 ATP, eight reduced ferredoxin for one molecule of assimilated dinitrogen, N 2 ). The results showed that the glyoxylate shunt had no impact on the net yield of nitrogen fixation per acetate consumed. The subsequent storage into cyanophycin, however, requires the presence of the glyoxylate shunt. The corresponding overall stoichiometry of the fixation of dinitrogen and synthesis of cyanophycin using acetate as the carbon source is seven NADPH, 52 ATP and five acetate per monomer cyanophycin. If acetate is also used to provide the cellular energy and redox equivalents for the synthesis of cyanophycin, we obtain a minimal requirement of 5.9 units of acetate per monomer cyanophycin using ammonium (NH 4 + ) as the nitrogen source, a minimal requirement of 12.3 units of acetate per monomer cyanophycin using nitrate (NO 3 À ) as the nitrogen source, and a minimal requirement of 14.4 acetate per monomer of cyanophycin using atmospheric dinitrogen (N 2 ) as the nitrogen source. All respective synthesis pathways necessarily make use of the glyoxylate shunt.
DISCUSSION
The genus Cyanothece comprises members of high diversity. Two of the sequenced strains possess genes for the glyoxylate bypass, implementing a metabolic shunt that avoids the decarboxylating steps of the TCA cycle. ICL is the first enzyme of the bypass and is essential for the function of this pathway. Building upon previous gene annotation data [9] , our results verify that the protein product encoded by the gene Cyanothece 7424_4054 indeed constitutes a functional ICL.
The ICL protein family was categorized previously into three [59] , and later into five, subfamilies [60] by structure and function, as well as through phylogenetic analysis. Subfamily 1 with a size range of 350-450 amino acids and subfamily 3 with more than 550 amino acids are primarily present in prokaryotes but do not seem to originate from the same ancestor [60] . According to the high similarity of (Table S2) .
the primary sequences, the cyanobacterial ICLs are grouped into those of subfamily 1, although their molecular size is higher, resulting from a carboxy-terminal extension of about 60 amino acids as a characteristic attribute, the function of which is still unknown.
As described earlier [12] , genes that encode a putative ICL exist only in a small number of sequenced cyanobacterial genomes. A BLASTP search identified several nitrogen-fixing cyanobacteria with annotated icl genes, organized into diverse morphological subsections but grouped into a single clade that branches off from the proteobacterial cluster. This fact suggests that the icl genes evolved from a common ancestor before differentiation into diverse morphological subsections. The presence of the icl gene in few cyanobacteria might be the result of horizontal gene transfer from one donor lineage to a cyanobacterial recipient within a specific ecological niche. Horizontal gene transfer is a frequent event of prokaryotes by which they obtained a significant proportion of their genetic diversity and it plays an active role in adaptation to environmental niches [61, 62] . Transfer of ICL between bacteria was demonstrated for Pseudomonas [60] and is assumed for the archaeon Haloferax [63] . Between several bacterial and eukaryotic lineages, multiple horizontal gene transfer events seem to have gone in both directions [1] and the same applies for the ICL of plant glyoxysomes [4] .
Our growth experiments and concomitant examination of ICL activity in cell extracts of Cyanothece 7424 showed that the key enzyme of the glyoxylate cycle, the ICL, was only detectable in vivo under specific environmental conditions. During photoautotrophic growth under constant light, ICL activity could not be detected. Neither did acetate-supplemented cultures exhibit increased growth, with respect to either OD or cell number, under constant illumination. This finding is in contrast to results for several other cyanobacteria that exhibit increased mixotrophic growth in the presence of acetate [12, 27] . We note that mixotrophic growth and the use of acetate under constant light conditions does not require the presence of a functional glyoxylate shunt. For example, Synechococcus sp. PCC 7942 exhibits growth enhanced by acetate under mixotrophic conditions [12, 27] but the genome of Synechococcus sp. PCC 7942 does not encode a functional glyoxylate shunt. Rather, acetate serves as an additional source of acteyl-CoA and thereby supports growth, but cannot be utilized as the sole carbon source for cell growth and proliferation.
In contrast, enzymatic analyses of cell extracts of Cyanothece 7424 clearly demonstrated that ICL activity was inducible by acetate when cells were grown under diurnal day/ night conditions. In this case, cultures supplemented with acetate also exhibited increased biomass production, with respect both to optical density and to an increase in cell number. A similar result is obtained when cultures are shifted from continuous illumination to a diurnal day/night illumination. The shift results in induction of ICL activity and enhanced growth.
However, supplementing acetate does not seem to support sustained heterotrophic growth of Cyanothece 7424 in the absence of light. Acetate-supplemented cultures that were kept in darkness or supplemented with DCMU to inhibit photosynthesis showed only a slight increase in OD, accompanied by induction of ICL activity. Cell numbers revealed that the differences between the OD values of control and acetate-supplied cultures are not due to different cell proliferation. Cell numbers remain identical between cultures supplemented with acetate and the control. Rather, acetatesupplemented cells exhibit a slightly increased content of chlorophyll a per cell. This might be caused by replenishment of cell compounds after completion of the last cell division in daughter cells by utilizing acetate, while control cells cultivated without acetate are incapable of doing this. We therefore argue that acetate is utilized to accumulate compounds within the cell but is not utilized to enable heterotrophic growth and cell proliferation.
Based on these results, the questions arise whether acetate is incorporated only into specific biomass compounds and what the role of the glyoxylate shunt is with respect to the observed increase in growth rate. The results for growth under constant illumination speak against straightforward integration using the glyoxylate bypass to replenish TCA cycle intermediates, the traditional function of the shunt allowing assimilation of two-carbon compounds [13] . We emphasize that the strategy of heterotrophic microorganisms using the glyoxylate cycle is not directly transferable to photoautotrophs like cyanobacteria. Cyanobacterial metabolism is adapted for photothrophic growth, with the photosynthetic electron transport chain as the main source of reductant and ATP in the presence of light.
The main implication of a glyoxylate cycle in a few cyanobacteria, in particular Cyanothece 7424 and 7822, might therefore be that it offers growth advantages under unfavourable environmental conditions or in specific habitats. Cyanothece 7424 and 7822 are isolates of rice fields (http:// genome.jgi-psf.org/cya_7/cya_7.home.html), ecosystems with high microbiological diversity. As rice paddies flood, fermentative bacteria increase soil acetate level [64, 65] , which is then utilized predominantly by methanogenic bacteria [65] . Nitrogen-fixing cyanobacteria represent a main community with high impact for N balance and soil fertility [5, 66] . Nitrogen fixation depends on cellular energy, so glyoxylate-cycle activity offers advantages with regard to energy and carbon gain. This may be important if irradiance and light availability are severely altered during the growth season of rice due to changes in rice plant density [66] .
Model-based analyses using genome-scale reconstructions of cyanobacterial laboratory strains have shown that photoautotrophic metabolism does not require the glyoxylate shunt, and the shunt also offers no advantage with respect to the stoichiometric yield of energy generation in the absence of light [31] . Neither does mixotrophic growth require the glyoxylate shunt. Using our partial stoichiometric reconstruction, however, points to several possible advantages conferred by the glyoxylate shunt for diurnal growth. In agreement with our expectations for metabolism, the assimilation of acetate into cellular building blocks requires a functional glyoxylate shunt, except for the storage compound PHB, which can be directly synthesized from acetyl-CoA. The net utilization of PHB, however, as an only carbon source again necessitates the use of the glyoxylate shunt. The synthesis of other storage compounds, in particular cyanophycin, requires the glyoxylate shunt.
In line with the observation that the glyoxylate shunt seems to be predominantly present in nitrogen-fixing cyanobacteria and that ICL activity in Cyanothece 7424 is clearly associated with the night phase during diurnal growth, we hypothesize that the glyoxylate shunt serves to utilize acetate during the night phase, either to synthesize storage compounds, such as cyanophycin, or to synthesize other building blocks. Interestingly, and different from our results, the recent study of Zhang and Bryant [12] revealed an increase in OD (750 nm) for acetate-supplemented cultures of Chlorogloeopsis fritschii PCC 9212, under both constant illumination and darkness. Under dark conditions, however, the increase in OD was comparatively small (a doubling in approximately 4 weeks) and cell numbers were not reported. The authors further argue that the assimilated acetate metabolized by the glyoxylate cycle might mainly be stored in the form of PHB, supported by an increased accumulation of PHB in acetate-supplemented cultures [12] . These results point to important strain-specific differences between Chlorogloeopsis fritschii PCC 9212 and Cyanothece 7424. For the latter, induction of ICL activity is clearly restricted to diurnal growth, whereas an increase in OD under constant conditions is also compatible with the accumulation of storage compounds, such as PHB or cyanophycin. However, while the synthesis of PHB from acetate does not require the presence of the glyoxylate shunt, the synthesis of cyanophycin also requires, in addition to the shunt, the enzyme PEPCK, the first enzyme of the gluconeogenetic pathway. PEPCK indeed often co-occurs with the genes encoding the ICL and MS reactions, but it is not generally present in cyanobacteria that harbour nif genes.
A clarification of the precise role of the glyoxylate shunt in diverse cyanobacterial strains therefore requires additional research. We argue that Cyanothece 7424 likely evolved in environments where acetate is at least temporally available. Calculation of stoichiometric yield shows that, given a functional glyoxylate cycle, acetate supports the incorporation of nitrogen, either by incorporating extracellular nitrate or by assimilating atmospheric dinitrogen. The latter is typically confined to the night phase due to the oxygen-sensitivity of the nitrogenase enzyme. In this context, utilization of acetate might alleviate the large requirements of storage compounds that are otherwise needed to meet the energetic demands of nitrogen fixation. Interestingly, utilization of nitrate requires a similar energy expenditure to assimilation of atmospheric dinitrogen; hence the evolutionary programme to use acetate to facilitate incorporation of nitrogen during the night phase might also be active when nitrate is supplied in the medium. This hypothesis agrees with the finding that Cyanothece 7424 does not seem to utilize acetate under constant illumination. Under this assumption, the synthesis of cellular compounds during the night phase, which are utilized in the day, results in increased growth during diurnal cultivation and would lead thereby to higher biomass production, which would in turn represent an adaptation to a specific ecological niche.
